SUMMARY A series of tests, including gastro-oesophageal sphincter pressure measurement, shortterm pH tests, and 15-hour overnight oesophageal pH recording were applied to 42 normal subjects and 214 patients with typical reflux symptoms. The results were compared by multivariate discriminant analysis. Sphincter pressure measurements misclassified 32%, stressed provocative manoeuvres 14-5 %, and the best single discriminator from the overnight pH study was time below pH 5, which misclassified 13 %. However, a combination of the number of reflux episodes in 15 hours with their mean duration reduced misclassification to 8-8 %. Using this function, a boundary between normal and refilux can be drawn, and the degree of abnormality can be expressed visually as well as numerically.
This study was made to establish which of several specific diagnostic tests best matched the clinical diagnosis of gastro-oesophageal reflux (GOR) ina group of patients with characteristic 'reflux' symptoms, and to determine what correlation existed between different tests.
Methods

NORMAL SUBJECTS
There were 42 subjects (26 male, 16 female), aged 18 to 51 years (mean 32-8 years) with no symptoms of upper digestive tract disease. This group was composed of 26 volunteers and 16 subjects with the irritable bowel syndrome. The tests were explained and informed permission obtained.
PATIENTS
There were 214 patients (116 male, 98 female) aged 17 years to 78 years (mean 47-2 years) with typical symptoms of GOR (heartburn and acid regurgitation related to posture and meals, and discomfort on drinking hot fluids).
MANOMETRY
Intraluminal pressure was measured with three polyvinyl catheters (1 2 mm ID) with a single side-hole, 5 cm apart. The catheters were continuously perfused with distilled water at 0-8 ml/min. With the patient supine the tips were withdrawn twice through Received for publication 20 December 1976 the gastro-oesophageal sphincter (GOS) in steps of 0 5 cm. Six measurements of resting end-expiratory sphincter pressure were thus made in each patient, taking the mean end-expiratory fundal pressure as zero.
SHORT-TERM PH TESTS
Intra-oesophageal pH was measured by a Radiometer combined glass and reference pH electrode (GK 282 C) with Radiometer pH meter (Type PHM 26) recording on a direct writing recorder (Devices M.19 or George Washington oscillograph) at a constant speed.
The glass/calomel electrode system was filled with saturated potassium chloride solution, care being taken to avoid air bubbles and crystals which could cause artificial 'spikes'. The calomel electrode reservoir was placed at a higher level than the glass electrode to ensure a constant flow of potassium chloride solution through the porous plug. The electrode was standardised in buffer solutions of pH 4 0 to 6-5 before and after each test.
Short-term pH measurements were performed during the manometric studies. The pH electrode was either attached to the manometric catheters at the level of the distal opening, or passed separately, its position being measured against landmarks known from the manometric studies. Once the pH electrode (and manometric catheters) were placed into the stomach, tests for gastro-oesophageal reflux were carried out. 536
Correlation between manometric andpH tests for gastro-oesophageal reflux
Test I
This test involved withdrawal of the pH electrode (and catheters) from the stomach past the gastrooesophageal junction with the patient supine.
Test 2 This was a second withdrawal of the assembly after the addition of 250-300 ml 0-1 N HCI to the stomach.
For each of these withdrawal tests the distance in cm above the GOS at which the pH reached 4 was measured.
Test 3
The pH electrode was positioned 5 cm above the GOS and the patient was instructed to carry out a series of manoeuvres-deep breathing, Valsalva, Muller, coughing-while lying supine, on the right side and on the left side, and supine with 150 headdown tilt. The time required to perform these 16 manoeuvres was less than 10 minutes. A 'reflux episode' was defined as any occasion on which oesophageal pH dropped by two pH units or more from the base line 6-0 to 6'5. If reflux was frequent, distilled water was infused through the distal catheter to wash the tip of the electrode. The number of reflux episodes during the 16 manoeuvres was counted.
LONG-TERM PH TEST
The pH electrode, standardised before and after each test, was passed through the nose (or orally if the nasal route was uncomfortable) into the stomach to ascertain that the gastric pH was acid, and was then withdrawn to 5 cm above the GOS, the exact distance being known from the previous manometric studies. (In some patients the electrode position was also checked radiologically.) Once the pH electrode was positioned correctly, it was firmly anchored to the patient's cheek with adhesive tape, and continuous records were obtained for 15 hours (6 pm to 9 am). The patients, lying comfortably in bed, were allowed to eat, smoke, or talk, and most of them slept for six to eight hours, but were given no hypnotic drugs. Most of the patients lay flat with one or two pillows under their head, but were allowed to adopt the posture in which they were normally accustomed to sleep. Times of meals, and any symptoms occurring during the test, were noted on the record chart by trained staff. A 'reflux episode' was defined as any occasion on which oesophageal pH dropped by two pH units or more from the base-line of 6-0 to 6 5.
A reflux episode lasting less than one minute was defined as a 'spike'. The analysis of pH tracings was done in three ways:
1. Total number ofreflux episodes This was calculated by counting the number of reflux episodes occurring over the total recording time.
2. Mean duration of reflux episodes Obtained by dividing the total duration of reflux episodes by their number. (Because the exact duration of a 'spike' could not be measured, each one was arbitrarily considered as lasting 30 seconds.) 3. Percentage time with oesophageal pH less than 5, 4 and 3 The proportions of the period studied during which reflux episodes brought the pH below 5, 4, and 3 were each calculated as a percentage of total recording time.
STATISTICAL METHODS
A stepwise discriminant analysis (Kendall, 1957) programme (BMD070M) was used to compare GOS pressure, short-term pH tests, and long-term pH test. The analysis computes for each group a discriminant function which is a linear function of a subset of the recorded variables. For each group we have the discriminant functions (1) and (2) Thus, the intersection of these planes gives a boundary region which can be used for classification of subjects. The boundary gives a 50% probability of classification into either group, and the probability of misclassification decreases on either side of this boundary.
In the analysis, logarithmic and square root transformations were used as required to normalise the data.
Not all variables were recorded for every subject, so that comparisons were made using subsets of the 256 subjects.
Results
GOS PRESSURE
The mean sphincter pressure in 29 normal subjects was 17-8 ± SD 6-39 cm water, compared with 12-4 + SD 8-24 in 210 patients with reflux symptoms (p < 0o001).
The discriminant analysis shows this test alone would 'misclassify' 31 8 % of the subjects (Table 1) .
SHORT-TERM PH TESTS
Results are based on 23 normal subjects and 108 reflux patients. Of the three short-term pH tests, the best discriminator between the two groups proved to be the provocative manoeuvres, which misclassified 14-5 % ( Table 2) . Calculated boundary value between normal subjects and reflux patients is 1-7 manoeuvres.
The boundary value between normal and reflux was calculated as 1-7. Since only integers can be measured in practice, two or more reflux episodes during manoeuvres are required to classify a patient as 'reflux'.
LONG-TERM (OVERNIGHT) PH STUDIES
Values for 29 normal subjects and 210 reflux patients are given in Table 5 . There are generally good correlations between all the measured variables in these recordings', but a discriminant analysis (Table 3) shows the best single discriminator to be percentage time below pH 5. By this test alone 13% of the group would be misclassified as normal subjects, though none of them gave pH values in the reflux range. The number of reflux episodes and their mean duration combined (Table 4) give the best two variable-discrimination and misclassification is reduced to 8 8 % (Figure) .
'Statistical details may be obtained from J.R.B. It has been long known that there is a relationship between a low GOS pressure and reflux (Atkinson et al., 1957) , but, although some workers have found a good correlation (Pope, 1967; Winans and Harris, 1967; Cohen and Harris, 1971) , others have found too much overlap between the groups to satisfy the needs of a diagnostic test (Benz et al., 1972; Haddad, 1970) . Technical details of the method used to measure sphincter pressure are obviously important. We used a standard technique for measuring unstressed sphincter squeeze but, like others, found it a poor test for discriminating between those who reflux and those who do not.
Direct measurement of pH in the oesophagus has an obvious application in a disorder thought to be due largely to the effects of acid and pepsin on the oesophageal mucosa. Simply withdrawing the electrode from stomach to oesophagus and observing the rate of pH change in the lower oesophagus may be helpful (Tuttle and Grossman, 1958; Besancon et al., 1962 ) but other workers, using techniques differing in detail but not in principle, have found less satisfactory results (Piccone et al., 1965; Kantrowitz et al., 1969; Skinner and Booth, 1970) . We found that in practice it was hard to judge the 'end-point' the exact distance above the sphincter at which the pH of 4 was reached, and that analysis of the data showed poor discrimination. This is not surprising, because reflux is rarely a continuous process but almost always intermittent (Edwards, 1973) .
The pH electrode will undoubtedly detect a spurt of acid entering the oesophagus, and its use to detect reflux induced by standard manoeuvres designed to stress the GOS has shown promise (Piccone et al. 1965; Kantrowitz et al., 1969; Haddad, 1970; Skinner and Booth, 1970; Jahadi and Chandler, 1972) . We found this to be the most discriminating of our 'short-term' pH tests. A practical disadvantage is that many patients find the test uncomfortable or fail to perform the manoeuvres successfully.
Measurement of lower oesophageal pH over long periods has the attraction of appearing to be 'physiological'-the measurement should reflect what is daily happening in the oesophagus in the patient's normal circumstances. Such studies (Table  5) have shown significant differences between normal subjects and those with GOR (Spencer, 1969; Habibulla et al. 1971; DeMeester et al., 1974) . The clarity of distinction between the two groups has been less well clarified, and if the 'grey area' is large, the test is valueless as a clinical tool. Pattrick (1970) , for example, found considerable overlap between reflux patients and control subjects. Discriminant analysis enables the difference between the groups to be expressed accurately, and our measurements show that the proportion of the test time during which the lower oesophagus is at an acid pH-be it 3, 4, or 5-is a good indicator of the diagnosis of gastrooesophageal reflux, and that percentage time below pH 5 is best. The mean percentage time below pH 5 in normal subjects was 0-26 ± SD 0-40. Discrimination is improved considerably if the number and mean duration of the reflux episodes is used instead, and, when both these variables are included, over 90% of subjects are accurately classified (Figure) . The mean duration of episodes is partly dependent upon acid clearing from the oesophagus (Stanciu and Bennett, 1974b) , not in itself a direct measure of reflux, though probably an important element in determining the likelihood of symptoms and of oesophagitis.
This evaluation has been based on an entirely clinical differentiation between normal subjects and patients with gastro-oesophageal reflux. Error has been minimised by choosing as 'normal' those with no dyspeptic symptoms at all, and as 'reflux patients' only those with unequivocally typical symptoms. What is now required is the application of these tests to numbers of patients with more confusing clinical problems in the hope of establishing accurately their role in the clinical management. The apparatus required for such pH monitoring is relatively simple, and the results easy to calculate. It should prove a valuable aid in the diagnosis of reflux, as it already has in assessing provocative factors and the effects of therapy Bennett, 1972, 1974a 
